Male White Pekin ducks at 7 d posthatch were used in a 10-d experiment to determine the equivalency value of an Escherichia coli phytase (Phyzyme XP) in corn-soybean meal-based mash diets. Two hundred fifty-six ducks were grouped by weight into 8 blocks of 8 cages with 4 ducks per cage. The 8 diets consisted of a P-adequate positive control corn-soybean meal formulated to contain CP, Ca, total P, and nonphytate P at 220, 8, 6.6, and 4 g/kg, respectively; a low-P negative control (NC) corn-soybean meal basal diet formulated to contain CP, Ca, total P, and nonphytate P at 220, 6.5, 3.9, and 1.3 g/kg, respectively; NC diet plus 0.5, 1.0, or 1.5 g of inorganic P from monosodium phosphate/kg; and NC diet plus E. coli phytase at 500, 1,000, or 1,500 units/kg. Ducks were provided ad libitum access to water and experimental diets. Feeding the low-P NC diet to ducks reduced (P < 0.01) BW gain, feed intake, G:F, tibia ash, ileal digestibility, and utilization of P. Supplementation of the NC diet with inorganic P or phytase linearly improved
(P < 0.01) final weight, BW gain, feed intake, G:F, tibia ash, and ileal P digestibility. There were linear increases (P < 0.01) in the utilization of P from 33.8 to 42% or from 33.8 to 46.6% as dietary added inorganic P or phytase increased from 0 to 1.5 g/kg or 0 to 1,500 units/kg, respectively. Linear regression equations for the tibia ash as the dependent variable and supplemental intake of inorganic P and phytase or supplemental level of inorganic P and phytase as independent variables were used to generate P equivalency values of phytase. The mean P equivalency values of phytase from linear regression equations derived from ducks fed a low-P NC diet supplemented with graded levels of inorganic P or phytase from d 7 to 17 posthatch for 500, 1,000, and 1,500 phytase units/kg of diet were 0.453, 0.847, and 1.242 g/kg of diet, respectively. The results of this study showed that this phytase was efficacious in hydrolyzing phytate P for bone mineralization and growth of ducks.
INTRODUCTION
Phytin, the collective term for mixed salts of Mg, Ca, and K of phytic acid, is the main storage form of plant P and inositol, and phytic acid is an ester of cyclic alcohol inositol with 6 phosphate groups. Phytin constitutes up to 3% of many of the oilseeds and cereals used in animal feeds (Reddy et al., 1982) . If hydrolyzed, these phytates in feed can be a good source of P to the animal. Phosphorus is one of the essential minerals in poultry feeds and its availability from plant products and P supplements can be variable; hence, knowledge of P availability is critical to efficient animal production. However, nonruminant animals have insufficient endogenous phytase to effectively digest this di-etary phytate (Nelson, 1967) . Consequently, much of the phytate-bound P in the diet is excreted in animal waste. This necessitates the addition of inorganic P to diets of nonruminant animals to meet their nutritional requirements for P. Also, phytate P voided in animal excreta is a potential source of environmental pollution. The enzyme phytase hydrolyzes phosphate groups from the phytin molecule potentially making this hydrolyzed P available for utilization in the body . The dietary addition of exogenous phytase has been shown to reduce P excretion through improving the utilization of phytate-bound P in pigs , broiler chickens (Dilger et al., 2004) , and ducks (Orban et al., 1999; Rodehutscord et al., 2006) .
Reports abound in the literature on the equivalency of phytase relative to P using any of the Ca, K, or sodium phosphates as reference P sources for broiler chickens. However, ducks differ in P digestion from other avian species (Rodehutscord and Dieckmann, 2005) and a paucity of data exists for ducks. The objectives of the study reported here were to evaluate the efficacy as well as the P equivalency value of an Escherichia coli-derived phytase in the diets of White Pekin ducks, when monosodium phosphate is used as an inorganic P in the reference diets.
MATERIALS AND METHODS

Ducks
Three hundred 1-d-old male (average initial BW, 54 g) White Pekin ducks were wing-banded, weighed as a group, and assigned to cages. Ducks were provided with regular pelleted starter diet until 7 d posthatch, at which time the ducks were weighed individually and sorted in decreasing order of BW. The regular starter diet was formulated to contain the following per kilogram: 3,100 kcal of ME, 230 g of CP, 12 g of Ca, 10 g of P, 6 g of nonphytate P, 13 g of total Lys, and 6 g of total Met. Two hundred fifty-six ducks were blocked by weight and assigned to diets in such a way that the average initial weight (229 g) was similar across diets. The experiment consisted of 8 dietary treatments, each of which was replicated 8 times with 4 ducks per replicate cage.
Diets
Ingredient composition of the diets, fed in mash form, is shown in Table 1 . The positive control (PC) diet was a corn-soybean meal formulated to contain CP, Ca, total P, and nonphytate P at 220, 8, 6.6, and 4 g/kg, respectively. The negative control (NC) basal diet was a corn-soybean meal formulated to contain CP, Ca, total P, and nonphytate P at 220, 6.5, 3.9, and 1.3 g/kg, respectively. Monosodium phosphate was added to the NC diet to supply 0.5, 1.0, or 1.5 g of inorganic P/kg for the reference diets, and E. coli phytase (Phyzyme XP, Danisco Animal Nutrition, Marlborough, UK) was added to the NC diets to supply 500, 1,000, or 1,500 phytase units/kg for the test diets. One unit of phytase activity is defined as the quantity of enzyme required to hydrolyze 1 μmol of inorganic P/min, at pH 5.5, from an excess of 1.5 mM sodium phytate at 37°C (International Union of Biochemistry, 1979).
Management
Ducks were reared in electrically heated battery brooders maintained at 35, 31, and 27°C from d 1 to 8, 8 to 15, and 15 to 20 posthatch, respectively, with continuous fluorescent lighting. Ducks were provided ad libitum access to water and experimental diets from d 7 to 20, but individual BW of ducks and feeder weight per cage were recorded on d 7 and 17 posthatch. Excreta was collected as described by Adeola et al. (1997) from d 17 to 20 from 1 duck per cage using collection bags attached to the retainer rings that were sutured to the vents. The excreta collected were used to determine apparent total tract nutrient utilization. On d 20, all of the ducks were euthanized by CO 2 and intestinal digesta were collected from the Meckel's diverticulum to the ileocecal junction by flushing with distilled water and stored at −20°C immediately after collection. Ileal samples from 4 ducks within a cage were pooled for the analysis of Cr, P, N, Ca, and energy. Left tibias were excised from each duck and stored at −20°C. All protocols used in the study were approved by the Purdue University Animal Care and Use Committee.
Chemical Analysis
Diets, freeze-dried ileal digesta, and excreta were ground to pass through a 1-mm screen and analyzed in duplicate. Samples were dried at 105°C in a drying oven (Precision Scientific Co., Chicago, IL) for 24 h for DM determination. Nitrogen was determined using the combustion method (Leco model FP-2000 N analyzer, Leco Corp., St. Joseph, MI) using EDTA as a calibration standard. Gross energy was determined in a bomb calorimeter (Parr 1261 bomb calorimeter, Parr Instrument Co., Moline, IL) using benzoic acid as a calibration standard. Samples were digested [nitric-perchloric wet ash, method 935.13 A (a), AOAC International, 2000] and Cr concentration was determined (Spectronic 21D, Milton Roy Company, Rochester, NY) using the method of Fenton and Fenton (1979) . Total inorganic P [method 985.01(A, B, D), AOAC International, 2000] concentration was determined by colorimetric analysis (Packard SpectraCount, model AS1000, Meriden, CT) and Ca [method 985.01(A, B, D), AOAC International, 2000] concentration was by atomic absorption spectrophotometry (AOAC International, 2000) . Phytase activity was determined by the method of Engelen et al. (1994) .
The left tibias, removed by excision, were defatted in a Soxhlet extractor for 6 h, dried to a constant weight at 100°C, weighed, and then ashed in a muffle furnace at 600°C for 16 h. Tibia ash were expressed in grams and as a percentage of defatted, dry tibia.
Calculations and Statistical Analysis
Apparent ileal digestibility or utilization coefficient (C) for nutrients and energy was calculated as follows:
where Cd = the concentration of Cr in the diet; Co = the concentration of Cr in the excreta or ileal digesta output; No = the concentration of nutrient or energy in the excreta or ileal digesta output; and Nd = the concentration of nutrient or energy in the diet. The product of C and the gross energy (kcal/g) concentration of the diet gives the ME (kcal/g) or ileal digestible energy (kcal/g) of the diet.
The data were analyzed using the GLM procedure of SAS (SAS Institute, 2006) in a randomized complete block design. Cage served as the experimental unit. Contrast of PC versus NC diets and linear and quadratic contrasts were used to examine responses to supplemental graded levels of inorganic P at 0, 0.5, 1.0, and 1.5 g of P/kg and phytase at 0, 500, 1,000, and 1,500 units/kg for BW gain (BWG); feed intake (FI); G:F; tibia ash (in % and g); ileal digestibility of N, P, and Ca; and total tract utilization of N, energy, P, and Ca. Statistical significance was determined at an α level of 0.05. Linear response functions that best fit the data were derived for supplemental graded levels of inorganic P at 0, 0.5, 1.0, and 1.5 g of P/kg and for phytase at 0, 500, 1,000, and 1,500 units/kg. The regression equations for the supplemental inorganic P intake and supplemental phytase intake (based on analyzed values) for a particular response variable were equated and solved for x as described previously (Adedokun et al., 2004) : 
RESULTS
The analyzed DM, CP, gross energy, Ca, P, and phytase activity of the 8 diets used in the current study are presented in Table 2 . The phytase-supplemented diets were formulated to contain 500, 1,000, or 1,500 units/kg analyzed at 496, 942, or 1,463 units/kg, respectively. The analyzed CP, Ca, and P were also close to formulated values. Feeding the low-P NC diet to ducks over a 10-d period of the study predictably reduced (P < 0.01) BWG, FI, G:F, and tibia ash compared with the PC diet (Table 3) . Supplementing the NC diet with 0.5, 1.0, or 1.5 g of inorganic P/kg (from monosodium phosphate) in the reference diets linearly improved (P < 0.01) BWG, FI, and G:F. There were both linear (P < 0.01) and quadratic (P < 0.05) increases in bone ash as inorganic P supplementation of the NC diet increased from 0 to 1.5 g/kg. Supplementing the NC diet with 500, 1,000, or 1,500 phytase units/kg in the test diets linearly improved (P < 0.01) final weight, BWG, FI, G:F, and tibia ash (Table 3) .
Ileal digestibility of DM and P were lower (P < 0.05) and that of Ca greater (P < 0.01) in ducks fed the NC diet than in those fed the PC diet (Table 4 ). Graded addition of inorganic P to the NC diet linearly increased (P < 0.01) ileal digestibility of DM and P. There were both linear (P < 0.05) and quadratic (P < 0.01) decreases in ileal Ca digestibility in response to graded addition of inorganic P to the NC diet. Supplementing the NC diet with 500, 1,000, or 1,500 phytase units/kg in the test diets linearly increased (P < 0.01) ileal P digestibility but linearly decreased (P < 0.01) digestibility of Ca (Table 4 ). The total tract utilization of energy and nutrients of ducks fed the 8 experimental diets from d 7 to 17 posthatch is presented in Table 5 . There was no difference in the utilization of DM, N, energy, or Ca between ducks fed the PC or NC diets. However, ducks fed the PC diet retained more P (P < 0.01) than those fed the NC diet. Supplementation of the NC diet with inorganic P or phytase did not affect the utilization of DM, N, or energy ( Table 5 ). Utilization of Ca showed a quadratic response (P < 0.05) to inorganic P supplementation of the NC diet. There was a linear increase (P < 0.01) in the utilization of P from 33.8 to 42% as dietary added inorganic P increased from 0 to 1.5 g/kg. Likewise, as dietary supplementation with phytase increased from 0 to 1,500 units/kg, utilization of P increased from 33.8 to 46.6%.
Linear regression equations for the grams of tibia ash as the dependent variable and supplemental intake of inorganic P and phytase or supplemental level of inorganic P and phytase as independent variables for ducks fed a low-P NC diet supplemented with graded levels of inorganic P or phytase from d 7 to 17 posthatch are presented in Table 6 . Among the various response criteria that may be used as indicators for P adequacy, grams of tibia ash showed the highest r 2 , which explained between 66 and 82% of the variation in the data set. For the independent variables supplemental intake of inorganic P (g) and phytase (units), the equation for calculating the equivalent inorganic P was as follows: x t = [1.581 − 1.521 + (0.00092 × x r )] ÷ 1.09, where x t = equivalent inorganic P intake in grams and x r = units of phytase intake. With supplemental level of inorganic P (g/kg) and phytase (units/kg) as the independent variables, the equation for calculating the equivalent inorganic P was as follows: x t = [1.549 − 1.489 + (0.00072 × x r )] ÷ 0.9804, where x t = equivalent inorganic P value in grams per kilogram of diet and x r = units of phytase in units per kilogram of diet. Table 6 shows the calculated P equivalency values (g/ kg of diet) of phytase from linear regression equations derived from ducks fed a low-P NC diet supplemented with graded levels of inorganic P or phytase from d 7 to 17 posthatch. The mean P equivalency values for 500, 1,000, and 1,500 phytase units/kg diet were 0.453, 0.847, and 1.242 g/kg of diet, respectively.
DISCUSSION
Diets of nonruminant animals are supplemented with phytase for the purpose of improving the utilization of phytate P with the consequence of reducing the amount of P flowing into the environment from animal waste. Indices of improved P utilization include improved growth performance, increased bone mineralization, and greater digestibility of P. Phytase hydrolyzes phytate to release inorganic P, which is used by the duck to meet its requirement for the mineral. The results obtained from this 10-d study showed that phytase is effective in improving utilization of P in corn-soybean meal diets for growing ducks. The responses of ducks in BWG, FI, and G:F were positive and linear with increasing level of either supplemental inorganic P or phytase. The low-P NC diet indeed decreased performance compared with the PC diet, indicating inadequacy of dietary P, and therefore showed that P was a limiting nutrient in the diet. Body weight gain and FI increased by 41 and 27, 75 and 44, or 110 and 66%, respectively, with respective inorganic P supplementation, from monosodium phosphate, of the NC diet at 0.5, 1.0, or 1.5 g/kg. This response in the growth performance of duck to inorganic P supplementation further confirms that indeed P was deficient in the NC diet. Addition of 500, 1,000, or 1,500 units of phytase per kilogram of diet to the NC diet improved BWG by 5, 48, or 62%, respectively. Likewise, FI of ducks on diets containing 500, 1,000, or 1,500 units of phytase per kilogram of diet increased by 6, 34, or 35%, respectively, relative to the NC diet. In a variety of studies, similar improvements in growth performance of ducks (Orban et al., 1999; Rodehutscord et al., 2003 Rodehutscord et al., , 2006 or broiler chicks (Adedokun et al., 2004; Dilger et al., 2004; Pirgozliev et al., 2008) when low-P diets are supplemented with inorganic P or phytase have been reported.
In the current study, the responses of ducks in both percentage and absolute weight of tibia ash to increasing dietary levels of either supplemental inorganic P or phytase were positive and linear. Percentage of bone ash increased by 5, 13, or 23% with inorganic P supplementation of the NC diet at 0.5, 1.0, or 1.5 g/kg, respectively. Likewise, addition of 500, 1,000, or 1,500 units of phytase per kg of diet to the NC diet improved percentage of bone ash by 4, 9, or 14%, respectively. In a series of broiler studies, Angel et al. (2006) observed positive responses in bone ash to both inorganic P or phytase supplementation of diets. In an earlier study, Augspurger et al. (2003) reported an increase in tibia ash in 7-d-old broiler chicks fed a P-deficient corn-soybean meal diet supplemented with an E. coli phytase. Orban et al. (1999) used a variety of bone dimensional measurements such as bone mineral content and bone density at the proximal epiphysis and at midshaft as well as mechanical properties and ash to evaluate the response of White Pekin ducks to dietary supplementation with inorganic P or phytase and reported linear increases in these response criteria to addition of P or phytase to low-P diets.
During the d 7 to 17 posthatch period of the study, growth performance and tibia ash responses to inorganic P were both linear and quadratic but only linear to phytase supplementation. Because the formulated Ca concentration was held constant (except for the PC diets), the growth performance and tibia ash responses increased at a greater rate at the higher inorganic P than at the lower inorganic P, hence the quadratic response. The release of inorganic P in diet supplemented with higher phytase concentration was not at a higher rate relative to the diet with higher inorganic P supplementation; therefore, there was no quadratic effect. It could be argued that the varying Ca:P ratio confounded the response in the diets supplemented with inorganic P. However, if dietary Ca was adjusted to hold the Ca:P ratio constant, another argument could be proffered that the varying dietary Ca confounded response to phytase.
Phosphorus digestibility and retention were decreased in the low-P NC diet compared with the PC diet. There was a linear increase in ileal digestibility of P when supplemental inorganic P or phytase was added to the NC diet. Ileal digestibility of P in the NC diet at 33% implies that 2.75 g of P/kg of the 4.11 g of P/kg was not digested and absorbed by the end of the ileum. Addition of 1,500 units of phytase/ kg to the NC diet increased ileal P digestibility to 45%, which implies that 1,500 phytase units hydrolyzed only 18% of the indigestible P in the NC diet by the end of the ileum in White Pekin ducks. The increased retention of P in ducks from the addition of phytase to the low-P diet would suggest that the E. coli-derived phytase improved P utilization in ducks. Beneficial effects of phytase supplementation on mineral utilization in nonruminant animals have been reported by several researchers (Biehl et al., 1995; Dilger et al. 2004 ; Yang   Table 6 . Linear regression equations for the different dependent and independent variables for ducks fed a low-P negative control diet supplemented with graded levels of inorganic P or phytase from d 7 to 17 posthatch and calculated P equivalency values (g/kg of diet) of phytase al., 2009) . In particular, improvement in P retention when phytase is added to low-P diets is well documented (Broz et al., 1994; Viveros et al., 2002; Rodehutscord et al., 2006) and is the main reason for supplementing the diets of nonruminant animals with phytase. The NC diet and those supplemented with inorganic P or phytase were formulated to contain similar Ca concentrations. The decrease in ileal digestibility of Ca with increasing dietary P may be related to the dissimilar Ca:P ratio. Furthermore, as the dietary P increased, FI increased and as consequence, Ca intake also increased. Because Ca absorption is an active process under hormonal control that is regulated by the intestinal Ca-binding protein calbindin (Bronner, 1998) , an increase in Ca intake above that required to maintain blood Ca and P homeostasis may reduce the proportion and therefore digestibility of Ca. In a comparative study on P utilization, Rodehutscord and Dieckmann (2005) reported a decrease in Ca utilization from 53 to 25% in quails and from 58 to 48% in ducks as dietary P increased.
Improved P use is ultimately seen in enhanced growth characteristics when diets deficient in P are supplemented with phytase, due to hydrolysis of phytate by phytase, to release inorganic P that is used by the duck to meet its requirement for the mineral. Changes in the amount of P available to the animal may affect its bone mineral status. This is the reason for the use of percentage of bone ash as an indicator of mineral adequacy in animals. The evaluation of various response criteria such as weight gain, FI, feed efficiency, plasma P concentration, and bone ash for determining P bioavailability in chicks led to the conclusion that bone ash is more sensitive than other response criteria (Sands et al., 2003; Adedokun et al., 2004; Onyango et al., 2005) . It is instructive that in the current study, using tibia ash as a criterion of response explained more of the variation in the data set described by the regression model than other response criteria as evaluated with r 2 and SD of y regressed on x. For this reason, as well as a lack of quadratic response to dietary phytase supplementation (even though the response to dietary inorganic P supplementation was both linear and quadratic), tibia ash was used to calculate P equivalency values for E. coli-derived phytase. The r 2 obtained for tibia ash response equations (0.66 to 0.82) in the current study were higher than those (r 2 = 0.59 to 0.65) obtained in the broiler chick study by Onyango et al. (2005) , similar to those (r 2 = 0.71 to 0.82) reported for White Pekin ducks by Orban et al. (1999) , but lower than those (r 2 = 0.71 to 0.93) reported for broiler chicks by Adedokun et al. (2004) . The addition of 500, 1,000, or 1,500 phytase units/kg of the NC diet was equivalent to approximately 0.453, 0.847, and 1.242 g of inorganic P/kg of diet, respectively. In the study with White Pekin ducks reported by Orban et al. (1999) , 750 units of Aspergillus niger-derived phytase released 0.6 g of inorganic P/kg. The P equivalency values reported by Denbow et al. (1995) using 1-d-old chicks fed for 21 d were 0.56, 0.84, 0.97, or 1.05 g for 250, 500, 750, or 1,000 units, respectively, of A. niger-derived phytase. In a chick study, Augspurger et al. (2003) reported that addition of 500 units of E. coli-derived phytase to basal diet released 1.25 g of inorganic P/kg of diet. Adedokun et al. (2004) reported P equivalency values of 0.46 and 0.945 g/kg for 500 and 1,000 units of E. coli-derived phytase/kg in a broiler chick study. The P equivalency values reported by Onyango et al. (2005) in broiler chicks were 0.77 or 1.13 g/kg for 500 or 750 units/kg, respectively, of E. coli-derived phytase. There are interpretive problems when comparing inorganic Preleasing efficacy of one phytase source with another. For example, determination of activity added is based on a standard procedure involving inorganic P release from sodium phytate at a pH of 5.5. Hence, the procedure may lead to underestimation of activity of phytase sources with low pH optima and overestimation of those with higher pH optima. This may lead to addition to diets of more phytase activity than intended from low pH optima phytase sources.
In summary, the E. coli-derived phytase used in the current study enhanced the utilization of P for growth through increased hydrolysis of P that supported bone mineralization. Based on tibia ash, the P equivalency of the phytase was determined to be 0.453, 0.847, and 1.242 g/kg for 500, 1,000, and 1,500 phytase units/kg of diet, respectively. Further studies are needed to evaluate the phytase for ducks raised from 1 d of age to market weight.
